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1.0 Abstract 

Several CMOS ASICs have been developed for a proposed RHIC experiment. This paper discusses 
why ASIC implementation was chosen for certain functions, circuit specifications and the design tech
niques used to meet them, and results of simulations and early prototypes. By working closely together 
from an early stage in the planning process, in-house ASIC designers and detector and data acquisition 
experimenters can achieve optimal use of this important technology. 

2.0 Introduction 

ASIC use in high energy physics in increasing.1 Particularly for front end functions where density and/ 
or cost is a constraint, ASICs' ability to trade off functionality, speed, power, and size can result in effi
cient detector readout. In addition, certain readout functions are very difficult to perform without cus
tom integrated circuitry, e.g. analog pipeline delay. However, monolithic technology also imposes 
limitations that can restrict achievable performance, and appropriate circuit techniques must be used to 
get the full advantage from it 

With this in mind, a close collaboration was started between ASIC designers and data acquisition exper
imenters for the proposed OASIS experiment in December of 1990. We will discuss the system parti
tioning, and the rationale for setting priorities for ASIC designs in the next section. This will be 
followed by descriptions of three ASIC designs, including target specifications, key circuit issues, and 
approaches taken to realize the goals. Finally a brief report of progress and future plans is presented. 

• 1. See, e.g. Proceedings of the First Annual Conference on Electronics for Future Colliders. May 22-23,1991, 
LeCroy Corp., Chestnut Ridge, NY 
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3.0 Experiment Overview 

At the outset a description was made, in functional block format, of the readout electronics for each of 
the seven major detectors of OASIS. The result is sketched in Fig. 1, where the detectors, readout 
chains, and channel counts are shown. Next, we selected certain blocks as candidates for monolithic in
tegration; those chosen are shown as shaded boxes in Fig. 1. Since about 95% of the channels are in the 
transition radiation detector/tracker and liquid argon calorimeter, ASICs were considered for all blocks 
in their readout chains for cost reasons.As mentioned already, the LAr AMU (analog pipeline) cannot be 
built from commercial components. Among the other systems, the silicon pad multiplicity detector and 
silicon drift chambers have space constraints, again making ASICs advantageous. 

While similarities exist among the front-end blocks of many systems, their requirements (for noise, dy
namic range, etc.) differ at the detail level. Hence, there was not enough commonality to try to make any 
single ASIC fill more than one block. The eleven candidate ASICs could not all be addressed simulta
neously with the resources available, so priorities were attached based on system-wide costs; this led to 
the selection of the three blocks shown with bold outlines in Fig. 1 for custom design. The TRD ADC 
RAM and L2 PIPE/DATA COMP functions could be implemented with field-programmable gate arrays 
(FPGA's), while the other LAr circuits could be made with hybrid technology. The three circuits chosen 
could all be produced in readily available CMOS technology. 

4.0 TRD/Tracker 

4.1 Detector and signal characteristfcs 

The TRD/Tracker identifies electrons by detecting transition radiation which is emitted as they traverse 
a foam or foil radiator. In addition, particle momentum is measured for all charged particles through 
their ionization energy loss dE/dx. Figure 2 shows a schematic cross section of a particle crossing one 
layer of the TRD/Tracker along with a description of the possible anode current waveforms. For had-
rons, only dE/dx charge is produced in the chamber; this drifts to the anodes and produces a current 
whose duration is proportional to the cosine of the angle of incidence. The current will fluctuate due to 
the statistical distribution of primary ionization clusters. Electrons with momenta > 0.5 Gev/c can also 
emit a transition radiation photon in the range of 5 - 25 keV, which has a high probability of being ab
sorbed in the chamber gas. This produces localized ionization that results in a short current pulse of 
much higher magnitude than the accompanying dE/dx signal. 

The characteristics of the TRD/Tracker charge and current waveforms are summarized in Table 1. The 
readout electronics consists of a charge-sensitive preamplifier, shaper with integration time constant 
matched to the average diffusive broadening of the drift chamber, and fast ADC. The 4-bit ADC has 12 
levels spanning the dE/dx range and 3 levels in the TR region. It takes samples of the waveform every 
20 nsec to provide good time resolution of the leading and trailing edges. 

4.2 Preamp/shaper 
Based on the expected characteristics of the signal waveform as described above, the specifications 
shown in Table 2 for the preamp/shaper ASIC were developed. The equivalent input noise charge 
(ENC) is about 1/20 of an LSB on the cathode strips. 

Because of the high capacitance of the detector (50 pf for anode wires, 150 pf for cathode strips) and the 
relatively short shaping time of 70 nsec, this ENC goal is a challenge. In a well-designed preamp/ 



shaper, most of the noise comes from the preamp input device, so its design and biasing are critical. The 
following conclusions can be drawn: 

• In this shaping time range, channel thermal (white) noise dominates so an NMOS device can be 
used. 
• Minimum gate length should be used. 
• An optimum gate width exists based on detector capacitance, but its value may be prohibitively 
large. 
• Once the optimum gate dimensions are chosen, noise is a function of drain current so there is a 
fundamental noise/power trade-off. 
• Careful attention must be paid to gate and substrate parasitic resistances. 
• Reverse biasing the source-substrate junction reduces noise by reducing the body-effect transcon-
ductancegmi. 

It is also important to minimize the noise contributed by the bias sources in the circuit, which can con
tribute up to 50% of the noise. Additionally, it is important to protect the CMOS input from electrostatic 
discharge damage in a way that does not add noise. 

Figures 3 (a) and (b) show calculated ENC (due to the input NMOS device only) as a function of Wg 

and I d, for circuits made in a 2 urn n-well CMOS process. It can be seen in Fig. 3(a) that the noise min
imum is a very shallow function of gate width. In Fig. 3(b) one sees that the 2500 r.m.s. e' goal can be 
met for the cathode preamp ASIC, but only at the cost of several mA of drain current in the input de
vice; in practice, this circuit will dissipate 15-75 mW per channel. The ENC goal is much easier to meet 
for the lower-capacitance anode wires. 

The circuit of Fig. 4. was designed to meet the requirements for cathode strip readout. It consists of a 
folded cascode charge-sensitive loop with a long-channel PMOS device biased in the triode region for a 
high value DC feedback resistor. Device sizes were chosen to minimize noise while maintaining speed 
and stability. Simulations predict an ENC of 2560 r.m.s. e" at 70 nsec shaping and 150 pf detector capac
itance, with a rise time of 70 nsec and overall power consumption of 22 mW. A similar circuit could 
serve as an anode wire preamp, but with at least 10 times lower power. 

4.3 Shaper 
A transfer function with a zero at the origin and 5 equal-value real poles at 9.1 MHz produces a step re
sponse that peaks in 70 nsec and has adequate noise rejection. Key design issues for this circuit are: 

• Provision of at least two poles per op-amp to minimize power. 
• On-chip passive components used to set the time constants have wide manufacturing variations 
(20% run-to-run) in typical ASIC fabrication. 
• The shaper's equivalent input noise voltage should be less than the preamp ENC/Cp (a few hun
dred microvolts in this case) to minimize its contribution to overall noise. 

The circuit shown in Fig. 5 2 was chosen to implement the l/(l+sx)2 transfer function. One open-loop 
pole is contributed by uie capacitance at the drain of M3 in parallel with its transconductance and a sec
ond is formed by CI and (R1+R2). In the closed loop, the poles move together to result in a transfer 
function: 

2. Z. Chang. Low Noise Wide-Band Amplifiers in Bipolar and CMOS Technologies. Kluwer, 1991 pp. 186-188 
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H{s) = 2- (1) 
(1 + Go* 1) + s(x + x) + i^Xjt 

where 

Go = * m 3 x - u r -(f) 
L 3 

Cg53 + Cg* s 

= Cl(tfl+£2) 

(2) 

(3) 

(4) 

The desired response occurs when the closed-loop poles meet on the real axis; this is true when the con
dition 

X^H + GQRI) l 

(5) 
(ti + * 2 ) ' 4 

is met. Note that this condition involves only component ratios: hence the shape of the step response 
should be insensitive to manufacturing tolerances. At this 2=1/2 condition the pole frequency is 

xi + h 1 
"o'lx-T'W ( 6 ) 

- " t x 2 Z T l 

The pole frequency is controlled mainly by the gJCgi ratio of the NMOS device. This ratio is the most 
stable naturally-occurring time constant in a CMOS process, since it is nearly unaffected by oxide thick
ness variations and doesn't depend on NMOS-PMOS tracking. The major source of variation will be Lg 

which is controlled to better than 10%. 

To investigate the tolerance of shaping time to process variations, Monte Carlo SPICE simulations were 
done. The parameters that were allowed to vary were polysilicon sheet resistance, polyl-poly2 capaci
tance, and NMOS and PMOS TOX, U0, VFB, CJO, CGSO, CGDO, DW, and DL. All were given un
corrected Gaussian variations with a = 15% of mean. Results are shown in Table 3. As expected, 
peaking time remains stable to within 10% of its mean value. In contrast, a shaper using Sallen-Key 
lowpass stages and ideal op-amps was also simulated. This design, appropriate for discrete device tech
nology where active device variations are greater than those of passive components, relies on resistor-
capacitor products to set the peaking time. Similar R and C variations result in a Om of about 18 % of the 
mean. 

Finally, Fig. 6 presents the results of simulations of the preamp-shaper combination. Fig. 6(a) shows the 
input current waveform for a minimum-ionizing particle at normal incidence as generated by 
GARFIELD3. Fig. 6(b) shows the shaper output, which reproduces die major features of the current 
waveform with the higher frequency components removed by the lowpass filtering. 

Fig. 6(c) and (d) show the input and output waveforms for a 45° minimum ionizing particle. Fig. 6(e) 
and (f) illustrate a 0° MIP with superimposed TRphoton; note the change in vertical scale. 

3. GARFIELD simulations provided by B. Yu. 
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In a real system, the long tail of the current waveform would be cancelled by a simple passive pole-zero 
compensation network which could be on- or off-chip. 

4.4 Rash ADC 
The resolution, accuracy, and timing goals of the FADC are shown in Table 4. As discussed earlier, the 
high sampling rate gives position resolution while the amplitude measurement serves to distinguish 
hadrons from electrons accompanied by a TR photon. In addition, accurate measurement of energy loss 
in the dE/dx region can improve electron/hadron separation due to the relativistic rise. 

A block diagram of the FADC architecture is shown in Fig. 7. The critical subcircuits of the FADC are 
the input track and hold and the comparators. In the track and hold, high speed must be maintained 
while clock feedthrough is minimized. Fig. 8 shows three schemes for clock feedthrough cancellation. 
In the first (Fig. 8a), no cancellation, charge on the switch transistor's CGD and channel charge are in
jected on the hold capacitor when the switch tums off. In Fig. 8(b) a dummy transistor of 1/2 the width 
of the switch and clocked in antiphase is placed in series with the switch. Now when CLK goes high, a 
compensating amount of charge is withdrawn from the storage node. However, this scheme only com
pensates the CGD of the switch; its channel charge flows unequally due to the unequal impedance seen 
at its source and drain. Fig 8(c) gives a partial cancellation of this effect by incorporating two dummy 
switches on either side of the main switch. During turn-off, they present approximately equal imped
ance on each node. 

SPICE circuit simulations illustrating the charge cancellation schemes are shown in Fig. 9. One can see 
that the first and second order techniques achieve feedthrough cancellation of 92% and 98% respective
ly. 

The proposed latched comparator circuit schematic is shown in Fig. 104. A low-offset voltage differen
tial amplifier is cascaded with a very fast latch to achieve 4-bit resolution with 7-bit accuracy at a 40 
MHz sample rate. In me differential amp, transistors have channel lengths 2-3 times minimum. This 
will minimize offset voltage that results from fluctuations in channel length. Layout is optimized for de
vice matching, that is: same geometry, same orientation, same surroundings, and common-centroid con
figuration. P-channel input transistors are used to allow input common-mode range near ground with a 
single 5-V supply. Also, hot carrier instabilities are reduced with P-channel devices. 

The latch uses minimum size devices for maximum speed. The preceding amplifier stage eliminates the 
need to minimize offset voltage in this stage. 

The behavior of the latched comparator in simulation is presented in Fig. 11. As shown, a minimum set
up time of 15 nsec is achieved for 20 mV overdrive. 

4.5 Analog Pipeline 
Many issues at the architecture, circuit, and interface level are involved in a discussion of analog pipe

line design and cannot be covered in detail here. A more complete discussion of this work can be found 
in the reference5. 

The function of the analog pipeline is to minimize the cost and power requirements of ADC systems 
needing >10 bit resolution, by buffering the encoding process to the Level 1 trigger rate (LI). The time 

4. A. Yukawa, "A CMOS 8-bit High-SPeed A/D Converter IC,M IEEE Journal of Solid-State Circuits, 
20(3),775-779(1985) 
5. W. Sippach, "Analog Pipelines for RHIC," Nevis Laboratories note, Sept. 1991 
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required to form the LI trigger determines the length of the analog pipeline. For OASIS, the largest trig
ger delay is about 1 ps for the liquid argon calorimeter. After the delay, the data from the pipeline can be 
encoded during an allowed LI trigger deadtime of about 10 |xs. Alternatively, the pipeline data can be 
derandomized and encoded during the average 100 {is interval between LI triggers. The latter solution 
reduces the ADC bandwidth by an order of magnitude, but at the expense of a more complicated analog 
data-handling process. Extra buffer locations must be added on-chip for holding the data undergoing de-
randomization, and these locations must be able to hold for a much longer time without loss of signal 
from low-level leakage currents. If the buffer locations are separate from the locations used for the pipe
line delay, then a deadtime must be tolerated during the transfer from pipeline to buffer. If on the other 
hand the buffer locations are physically commingled with the pipeline cells, then "skip** or "relabel" 
logic must be used to protect the buffer cells from being overwritten by data entering the pipeline. In 
this case the read address is not equal to the write address minus a constant offset, so a list of currently-
used buffer locations must be maintained and updated each LI and L2. In addition, the memory may 
need to be capable of simultaneous read and write and of resolving contention between asynchronously-
arriving beam-crossing, LI, and L2 read, write, and relabel requests. 

A first test chip is designed to study die switched capacitor ceils and readout amplifiers (Fig. 12.) It has 
4 channels of 10 independently-addressable cells each. N, P, and CMOS switches are distinguished ex
ternally and the folded cascode output amplifier (Fig. 13) can be programmed to measure either voltage 
or charge. Dual NMOS and PMOS versions are included. 

The system is expected to have a noise floor of about 100 microvolts and a linear dynamic range of 3 V 
operating from a 5V supply. The output amplifier has a gain-bandwidth product of about 30 MHz and 
settles to 0.1% in 250 nsec in simulation. 

5.0 Status 

A test chip for the TRD/Tracker shaping amplifier has been designed and sent to MOSIS for fabrication 
in the Orbit 2 Jim n-well CMOS process. Completed circuits have been received and initial testing 
shows performance in close agreement with simulation results. Fig 14 shows an oscilloscope photo
graph of the step response of the shaper IC. The peaking time is about 75 nsec. 

An 8-channel chip, based on the same shaper design but with devices scaled for lower power consump
tion, is in fabrication now and devices are expected back in late January 1992. 

A track and hold and comparator circuit as described in section 4.4 on page 4 is in final layout. 

A test chip for the analog pipeline (see section 4.5 on page 5) is in final layout and will be sent to fabri
cation shortly. 

6.0 Summary 

A set of CMOS ASICs were developed for the OASIS experiment. In-house ASIC designers participat
ed in the decisions on system partitioning and technology choice during the R&D stage of the detector 
design. Three functions (Liquid Argon analog pipeline/derandomizer, TRD/Tracker preamp/shaper and 
flash ADC) were targeted for ASIC development to give the maximum impact of this technology on 
system performance and cost. A detailed set of baseline specifications were laid out and circuit designs 
have been completed for the critical subcircuits. Layout and prototyping work has begun and initial re
sults (TRD/Tracker shaping amplifier) are quite promising. These developments are ongoing and will be 
adapted as necessary to meet future RHIC and/or SSC requirements. 

- 3 6 -



Tables 
t. TRD/Tracker charge and current. 
2, TRD/Tracker preamp/shaper specifications. 
3, Shaper Monte Carlo simulation results. 
4, FADC specifications 

Figures 
•j, OASIS detector readout electronics. 
2. TRD/Tracker cross section and waveform characteristics. 
g, (a) ENC vs. Wg for preamp; (b) ENC vs. Id for preamp. 
4. Proposed preamplifier schematic. 
5. Proposed shaper schematic. 
I. (a),(c),(e) - GARFIELD simulations of TRD/Tracker anode current waveforms for MIP at 0 \ 45*. 

and 0* MIP + TR photon; (b),(d),(f) - preamp/shaper output (simulated). 
7. FADC block diagram. 
8. Track and hold clock feedthrough cancellation schemes. 
9. Track and hold clock feedthrough simulations. 

10. Comparator circuit 
II . Comparator simulations. 
12. Analog memory test chip. 
13.Folded cascode output amplifier for analog memory test chip. 
14. Oscilloscope photograph of CMOS shaping amp - vertical, 500 mV/div, horizontal, 50 nsec/div. 
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TABLE 1. TRD/Tracker charge and current 

MIP I S Total Unit 

Anode current 1.3 7-33 1.3-3.4 uA 

Duration 0.2-1.5 -.07 • usee 

Charge 0.3-2.0 0.5-2.4 0.3.4.4 pC 

TABLE 2. TRD/Tracker preamp/shaper specifications. 

Channels/chip 4-8 
ENC 2500 e-rm* 
Shaping function Unipolar, semi-Gaussian Impulse 

response 
Peak time 70 nsec 
FWHM <100 nsec 
Pole-zero cancellation For detector tail and preamp feedback 

pole 
Outputs X1.X10 (for TR, MIP reap.) 

2 V full scale 

TABLE 3. Shaper Monte Carlo simulation results. 

Quantity Mean St. Dev. St.Dev7Mean(%) Units 

Step Response 81.1 8.14 10 nsec 
Peaking Time 

DC Gain 1.0 .21 21 

TABLE 4. FADC Specifications 

ADCs per chip 4-8 
Resolution 4 bit 
Accuracy 1% of full scale 
Sample Rate 40 MHz 
Input bandwidth 20 MHz 
Power <!00mW/ADC 

* 

- 3 8 -
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TRD Detector and Signal Characteristics 
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Fig. 2 
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SIMULATIONS 
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Figure 14 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
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